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Abstract

To investigate the effects of changes in the latitudinal temperature gradient and the global mean

temperature on dust concentration in the Northern Hemisphere, experiments with the GISS

GCM are performed. The dust concentration over Greenland is calculated from sources in

central and eastern Asia, which are integrated on:line in the model. The results show that an

increase in the latitudinal temperature gradient increases both the Asian dust source strength

and the concentration over Greenland. The source increase is the result of increased surface

winds, and to a minor extent, the increase in Greenland dust is also associated with increased

northward transport. Cooling the climate in addition to this increased gradient leads to a

decrease in precipitation scavenging, which helps produce a further (slight) increase in Greenland

dust in this experiment• Reducing the latitudinal gradient reduces the surface wind and hence

the dust source, with a subsequent reduction in Greenland dust concentrations• Warming the

climate in addition to this reduced gradient leads to a further reduction in Greenland dust due

to enhanced precipitation scavenging. These results can be used to evaluate the relationship of

Greenland ice core temperature changes to changes in the latitudinal and global temperatures.



1. Introduction

Information about temperature conditions in the

past can be obtained fi'om stable isotope records from
ice cores. However, those measurements represent

only few points on the Earth. Ice cores are available
from Greenland and Antarctica, with a few cores orig-

inating from lower latitudes, for example, the Dunde

and Guliya ice caps in China [e.g., Thompson et al.,

1993] and the Quelccaya ice cap and Huascaran in
Peru [e.g., Thompson et al., 1994].

It is still not well understood to what extent tem-

perature records from high latitudes and high alti-

tudes represent the hemispherical temperature dur-

ing different climate periods. A temperature decrease

at high latitudes during glacial periods does not pro-

vide a unique assessment of hemispheric cooling; for

example, it might represent an increase in the lati-

tudinal temperature gradient, with tropical temper-

atures remaining largely unchanged, as in the Cli-

mate: Long-range Investigation, Mapping, and Pre-

diction (CLIMAP) (1981) reconstruction for the Last

Glacial Maximum (LGM). Another possibility is that

a hemispheric (or global) cooling occurred, while the

temperature gradient increased as well, as implied

by stable isotope measurements from Huascaran in

Peru [Thompson et al., 1995b] and Guliya in China

[Thompson et aI., 1997]. These results suggest that

the tropical Atlantic and central Asia were cooler dur-

ing the last glacial stage than at present (5°-6°C cool-

ing was estimated for the tropical Atlantic), while at
Greenland, the temperature decrease in the ice was

estimated to be 15°C [Cuffey and Clow, 1997], up to

25°C [Jouzel et al., 1997] colder than at present. As

another example, it is unclear whether the cooler tem-

peratures, which were observed especially in western

Europe during the "Little Ice Age" (LIA) (,_ 1500-

1900 A.D.), were an indicator of a hemispherical cool-

ing.

Usually, temperature decreases indicated by the

stable isotope signals in polar regions are accompa-

nied by an increase in the dust signal in ice cores.

While Mosley-Thompson et al. [1993] reported no sig-

nificant increase in the soil dust signal Greenland ice

during the LIA, O'Brien et al. [1995] and Mayewski

et al. [1993] show elevated dust in the GISP 2 core in

Greenland during this period. Additionally, Thomp-

son et al. [1993] find that most of the LIA period is

characterized by elevated dust in tile Guliya ice core

(China).

During glacial periods, strong and rapid increases

of dust concentration of more than an order of mag-

nitude in both Greenland (e.g., GISP 2 and GRIP)

and Antarctica (e.g., Vostok) are detected in ice

cores [e.g., Thompson and Mosley-Thompson, 198i;

Mayewski et al., 1994; Legrand , 1995]. Various expla-
nations for this strong increase have been suggested.

Possible reasons for this dust signal include an in-

crease in dust source areas due to decrease in vegeta-

tion cover or exposure of continental shelf [e.g., Rea,

1994], which may have served as a new dust source, an

increase in surface wind speeds resulting in stronger
dust deflation, or a more efficient transport from the

source regions to the high latitudes by changes in

the transport pathway or a reduction in dust deposi-

tion caused by a decrease in precipitation. Another

possible cause for an increased dust flux might have

been the increased availability of fine soil material

deposited in glacial outwash, although the observed

fast changes in the glacial dust signal point toward

a change in atmospheric circulation as cause for this

signal [Biscaye et al., 1997].

Several attempts have been made to use a gen-

eral circulation model (GCM) to explore the causes of

this dust increase. GCMs that only consider changes

in atmospheric conditions have been unable to simu-

late the strong dust increase of more than an order of

magnitude in the Greenland dust during the LGM
[Joussaume, 1993; Genthon, 1992]. Recently, An-

dersen et al. [1998] simulated the impact of exposed
continental shelves (caused by sea level changes) on

dust emissions and transport to Greenland in addi-

tion to changes in soil moisture and changes in wind
and precipitation during LGM conditions. They ob-

tained an increase in the Greenland dust deposition

in their model by a factor of 2-3 during LGM con-

ditions caused by this new dust source, mainly from
a small source area that was simulated in northern

Greenland. However, it is not clear how effective such

exposed shelf areas may have been as dust sources,

since they may have been covered by vegetation or

ice. Biscaye et al. [1997] find strong evidence from

the isotope measurements that Greenland dust orig-

inated from eastern Asia, while sources in midconti-
nental United States and Sahara for Greenland dust

can be excluded as potential source areas. However,

since there is a lack of samples at high latitudes such

as Siberia or northern Greenland, these high-latitude

source areas cannot be excluded as possible source

regions for the dust found in the Greenland ice cores.

If we disregard changes in soil surface conditions,
both the changes in the latitudinal temperature gra-



dientand the changesin the averagetemperature
maycausea changein thedustsignalin Greenland
by changesin windspeeds,precipitation,or changes
in circulation patterns. In an attempt to distin-

guish these alternatives, in this paper we investigate

the consequences of such changes on dust concentra-
tions at Greenland. This follows an investigation by

Rind [1998], who evaluated the effects of a change
in the latitudinal sea surface temperature (SST) gra-

dient using the Goddard Institute for Space Studies

(GISS) GCM. (Here we do not attempt to use a GCM
to simulate all of the possible processes involved in

creating the strong dust signal in Greenland, since

many boundary conditions responsible for dust defla-

tion during different climate periods like soil surface
conditibns are difficult to constrain.) If changes in

dus_ (ransport to Greenland can be attributed to ei-
ther changes in temperature gradient or changes in

global average temperatures, we might be able to in-
fer changes in the latitudinal temperature gradient
from the observed Greenland dust records. This may

give an additional indication whether the temperature

gTadient information we can obtain from the limited
amount of ice records in the Northern Hemisphere

(NH) is sufficient to reconstruct the hemispherical

temperature conditions. This invest-igation is specif-

ically of interest for time periods where land surface
conditions, which could potentially affect dust defla-

tion_ did not change considerably (vegetation changes

or addition of glacial outwash), since those changes z
were not included in the simulation.

2. Dust As Tracer in the GIgS C-ICM

Dust has been included as a dynamic tracer in the ....

GISS atmospheric GCM (4 ° x 5°horizontal resolu-

tion, nine vertical layers). This parameterization and
some results thereof have been described by Tegen

and Miller [1998]. Dust sources, transport, and de-

position were computed with a 1-hour time step. In

Surface distributions of clay (particles smaller than

1 pm) and small silt (particle radius between 1 and

10 pm) were derived from a global soil texture data

set [Zobler, 1986; Webb et aI., 1991]. Measurements
show that above a critical threshold velocity (below

which no dust deflation takes place), dust fluxes into

the atmosphere depend on the third power of surface

wind speed [Gillette, 1978] which is the most critical

parameter for calculating dust emissions on the global

scale. In the model the dust flux in those areas, where

the surface conditions allow dust deflation, follows

q,_ = C(u - utr)u 2, (1)

where q_ is the dust flux from the surface in #g
m -2 s-1, u is the surface wind speed in m s -1, and

utr is a threshold velocity. For wind speeds below

this threshold, no dust deflation takes place. We

used the dimensional constant of C = 2 pg s2 m -s

for clay particles (< 1 #m) and C = 5 pg s2 m -5

for silt particles (1-8 pm) to describe dust deflation

[Tegen and Miller, 1998]. Because the dust emis-
sions increase nonlinearly with surface wind speed,

peak wind speed events are responsible for a major
part of dust deflation. High-wind events in the GCM

are less frequent compared to the previously used Eu-

ropean Centre for Medium-Range Weather Forecasts

(ECMWF) surface-wind products with a spatial res-

olution of 1.125 ° x 1.125 ° [Tegen and Fung, 1994].
This leads to an underestimate of dust emissions in

the GCM experiments. To reduce this difference, we

chose a threshold velocity for each land grid box in the
GCM that results in the same dust fluxes compared

to the off-line model with ECMWF surface winds (for

Which the threshold velocity was 6.5 m s -1 at all loca-

tions) [Tegen and Fung, 1995]. The resulting thresh-
old velocities for GCM surface wind speed vary be-

tween 4 and 10 m s -l. We chose to vary the thresh-

old velocities at each gridbox instead of varying the
emission factor, because this way the number of dust

the-GCM, dust emissions are computed as a func- events occurring per year at each gridbox would be

tion of vegetation cover, surface wind speed, and soil ....... similar to the off-line results that used the ECMWF

moisture [Tegen and Fung, i"994]. Dust deflation is aI- surface wind product.

lowed in areas labeled by Matthews [1983] as deserts

or sparsely vegetated regions. The GCM transports

four size classes of dust, with siz_ ranges bf 0.1-1, 1-2,

2-4, and 4-8 #mais _{/idep_fide-nt trffcdrg. Si_zes below

1 pm were transported as one size class because they
are not strongly fractionated by gravitational settling.

Particle sizes larger than 8 #m were not included in
this calculation, since large particles fall out quickly

and are not important for long-range dust transport.

Dust is removed from the atmosphere by gravita-

tional settling using Stokes law (size-dependent set-

tling velocities), turbulent mixing in the first model

layer, and subcloud washout calculated using GCM

precipitation. A detailed description of this param-
eterization and the validation of the results under

present-day conditions can be found in the work of

Tegen and Miller [1998]. For these experiments, only
Asian dust sources are included; that is, dust fluxes



fromothercontinentsarezero.WeincludeonlyAsian
sources,sinceBiscaye et al. [1997] deduce from a com-

parison of the clay mineralogy and isotope composi-
tion of dust from the GISP 2 ice core that dust arriv-

ing at Greenland originated most likely from eastern

Asia. They ruled out sources in Sahara or the con-
tinental United States as contributors to Greenland

dust. Since that study could not exclude all other

possible source regions, it cannot prove conclusively

that all Greenland dust originates only from Asian
sources. However, this assumption is supported by a

climatology of air mass trajectories arriving at Green-

land [Kahl et al., 1997].

The GISS GCM was integrated using different

(fixed) SST distributions as boundary conditions.

Each run was carried out for 11 model years, the re-
sults of the last 10 model years were averaged for

the results shown in this paper. We carried out

GCM integrations with changes only in the latitu-

dinal gradient, while the global average temperature
was kept at present-day level, and additional inte-

grations in which the global average temperatures

were changed additionally to the gradient changes.
This allowed us to investigate the impact of temper-

ature gradient change versus global mean tempera-

ture change separately. These SST boundary con-

ditions correspond to the experiments described by

Rind [1998].

The following GCM experiments were carried out:

A: The SST gradient between pole and equator was

increased by 9°C; the global average tempera-

ture was kept at present-day levels.

B: Ttle SST gradient between pole and equator was

decreased by 9°C.

C: The SST gradient between pole and equator was

increased by 9°C, and the average SST was de-

creased by 4°C.

D: The SST gradient between pole and equator was

decreased by 9°C, and the average SST was in-

creased by 4°C.

0: Present-day climatological SST control experi-

ment.

3. Results and Discussion

We first show the results obtained for the dust dis-

tribution with present-day SSTs as boundary condi-

tion, before we show the results of the GCM integra-

tions with changed SST conditions.

3.1. Control Experiment

Figure 1 shows the seasonal dust distribution of the

first dynamic model layer that is obtained by using

climatological averaged SSTs for present-day condi-

tions (experiment 0). The Source areas in central and
east Asia are the Gobi and Taklimakan desert and the

Kazakhstan region; these are potential source regions

for dust transported to Greenland. Also, dust sources

in the Sistan region in Iran as well as in Saudi Arabia

[Pye, 1987] are predicted by the model; however, dust
from these sources is not expected to contribute to

dust in Greenland. The source areas predicted by the

model agree well with areas where high dust storm fre-

quencies are observed in Asia [e.g., Littmann, 1991].

The modeled dust production and eastward dust ex-

port from Asia peaks in the NH spring; this is in

good agreement with many observations [e.g., Gao

et al., 1992]. Tegen and Miller [1998] show that the

model realistically predicts concentrations of Asian
dust transported over the North Pacific.

The seasonal cycle of the modeled dust concen-

tration, deposition, and precipitation in Greenland

is shown in Figure 2. The modeled summer maxi-

mum in the dust concentration and deposition does

not agree with the spring maximum, which has been

observed in the air and snow at Dye 3, Greenland

[Davidson et al., 1993; Mosher et al., 1993], and with
the maximum production of dust in Asia in spring.

Since the GISP 2 site is at an elevation of 3300 m,

it could be argued that the seasonal cycle of dust is
rather reflected by the dust in GCM layer 3, which

indicates the higher-altitude dust transport. In that

layer, dust exhibits a higher early summer maximum

compared to the dust seasonality of the first atmo-

spheric layer. There, dust at Greenland is maximum

in August/September as dust in the first model layer

but has a stronger secondary maximum in May/June.

However, since the spring peak of dust in Green-

land is in April [Davidson et al., 1993], regarding

the dust transport in higher layers cannot explain the

discrepancies in observed/modeled dust seasonalities
at Greenland. This discrepancy may be due to two
reasons: The summer maximum in Greenland dust

modeled in the GCM may be influenced by dust from

a minor northern Siberian source that is only active

during the summer months (see Figure lc). From this

source region, dust is transported directly across the

pole toward Greenland in the model. Compared to

observations, the model slightly overestimates north-

ward wind speeds in this region in NH summer, which

may further enhance the modeled higher concentra-



tionsof dustat Greenlandin summer.Nomeasure-
ments(whichweareawareof) exist to confirmor
disprovetheexistenceof a dustsourcein thishigh-
latituderegion.Wedonotknowwhethersurfacecon-
ditionsin theseregionsactuallyallowfor dustdefla-
tion.

Anotherexplanationfor thisdiscrepancybetween
theobservedandthemodeledseasonalcycleof dust
in Greenlandcouldbe that Saharandustmightoc-
casionallybetransportedto Greenland.Evenif clay
andisotopemeasurementsexcludethe Saharaasa
possibledustsourceareafor Greenlanddust dur-
ingglacialperiods,therearesomeindicationsfrom
trajectorystudiesthat duringtheNH spring,Saha-
randust maybetransportedacrossEuropetoward
Greenland[Mosheret al., 1993] at present times, and

since this source is missing in these GCM experi-

ments, the seasonal variation here may differ from
the real world dust seasonality at Greenland. Par-

ticularly, this missing source may lead to an under-
estimate of dust in Greenland in NH spring. How-

ever, a 44-year climatology of air mass trajectories

[Kahl et al., 1997] does not include North Africa as

a possible origin of air masses (and therefore Saha-

ran dust) arriving at Greenland; and since Biscaye

et al. [1997] find strong isotopic evidence that Green-

land dust originated from Eastern Asia during the
LGM and not from the Saharan desert, Saharan dust

does not appear to be important for ttmse calcula-
tions.

As shown in Table 1, the model control run pro-

duces dust concentrations at Greenland of 0.24 pg/m 3,

which agrees reasonably well with the value of 0.4

#g/m 3 from measurements at Dye 3, Greenland (this
value was derived from the arithmetic mean Fe con-

centration in Greenland aerosol cited in three,fence,

assuming a 3.5% Fe content of crustal aerosol).

Deposition rates at Greenland for the control run

are 22 mg/m2/d (see Table 2), and the concentration
of dust in the precipitation at Greenland is 160 #g/kg

water, which is more than a factor of 3 higher than

the observed dust concentration of 46 pg/kg in Green-

land ice [Steffensen, 1997] for present-day conditions.
Since the dust concentrations are modeled reasonably

well, we assume that this discrepancy is due to an un,

derestimate in precipitation in Greenland rather than
an overestimate of dust transport. At the location of

the GISP ice core (73°N, 39°W) the model produces

a precipitation rate of 83 mm/yr, which is 3.5 times

lower than the value given in the precipitation clima-

tology by Shea [1986], who gives a value of 300 mm/yr

at this location. The precipitation in the model also

shows a maximum in summer at Gt:eenland, which is

in disagreement with the precipitation climatology by

Shea [1986], which shows a fall/winter maximum at
this location. Because of this discrepancy it is rea-
sonable to focus the discussion of the GCM results on

the dust concentrations at Greenland air rather than

on the concentrations in the precipitation.

A comparison of dust concentrations in two ice

cores, which were taken near the GISP site (sites A

and T), is shown by Mosher et al. [1993]. Averaged

over longer time periods, the dust concentrations are
very consistent at those sites, but there are substan-

tial year-to-year differences. Even at two cores at site

T (which were drilled only 4 km apart) the year-to-

year dust concentration can vary by as much as 50%.
This illustrates the difficulty in comparing model re-

sults, which represent an average over 4 ° x 5°, with

observations at a specific site.

3.2. Experiments A-D

Figure 3 shows the results for the annually and
vertically averaged dust concentrations for the exper-

iments A, B, C, D, and control experiment 0, together

with the results for increased and decreased global

SSTs only. The increased SST gradient (experiments

A and C) results in an increase in dust concentrations,
while the reduced gradient (experiments B and D)

causes decreased dust concentrations compared to the

control experiment. Table 1 shows the results for dust
concentration at Greenland and dust source fluxes for

the east and central Asian source regions for the dif-

ferent GCM experiments, together with the standard

deviations (which are based on monthly averaged val-

ues). The results clearly show that the change in the

temperature gradient is a major factor for increasing

dust production in Asia and, as a consequence, the

increase of dust transported to Greenland.

The increase in SST gradient (experiment A) leads
to an overall increase in dust concentrations, with

higher dust loads over the source regions in Asia as
well as over Greenland. Table 1 shows that the dust

concentration in Greenland is 2-3 times higher when

the latitudinal temperature gradient is increased (ex-

periment A) for averaged and first-layer dust concen-

trations compared to the control experiment 0. On

the other hand, with a decreased latitudinal gradi-

ent (experiment B) the dust concentration (average

and first layer) at Greenland decreases by about 20-

50% compared to the control experiment (see Table

1). This decrease is smaller and less significant if com-



paredwiththestandarddeviationthantheincreasein
dustconcentrationsbytheincreasein theSSTgradi-
ent.Figure3showsforcaseB similarconcentrations

near the source areas compared to the control case
0, but the concentrations over North America of dust

transported eastward from Asia are smaller; that is,
in this case, less dust is transported away from the

source region. The response of dust concentrations

to changes in the SST gradient is therefore not sym-

metrical, the sign of the change in the gradient does

influence the strength in the dust response.

An additional decrease in global average SST to-

gether with the increased temperature gradient (ex-

periment C) further increases the dust concentration
at Greenland. However, the increase in the SST gradi-

ent (experiment A) increases the overall dust concen-

trations stronger compared to the control experiment
than a decrease in global average SSTs alone. This

becomes clear when considering the effect of SST de-

crease alone by subtracting the results of experiment

C from experiment A (Figure 3, top middle panel).
For this case, the concentration of dust above Asia

is of the same order of magnitude as for the control

case (experiment 0), but the dust is transported far-
ther across North America. For experiment C the
combination of these effects results in dust concen-

trations near the Asian source areas being similar to

case A but also in slightly increased dust transport
and concentration over North America and Green-

land. There, the dust concentration in experiment

C is _ 20% higher than for experiment A (see Table

1). This additional increase in Greenland dust is less

significant than the increase of dust in experiment A

compared to the control case, considering the large
standard deviation.

For the opposite case, if the global mean temper-
atures are increased additionally to a decrease in lat-

itudinal temperature gradient (experiment D), the
dust concentration at Greenland is further reduced

by about 30% compared to experiment B (Table 1).

If only the effect of changes in global SST is con-

sidered compared to the change in the SST gradient

only (by subtracting the results from experiment B

from experiment D, middle panel in Figure 3), the
dust concentrations over both Asian source areas and

dust transport across North America are slightly re-

duced compared to the control experiment. For case

D this change, together with the change due to the

decrease in SST gradient, leads to a noticeable reduc-
tion of dust concentrations over the source areas and

the dust transported eastward.

Because soil-surface conditions (e.g., changes in

vegetation cover or land ice) did not change in these

calculations, dust concentration changes can be caused

by either changes in dust source strengths or changes

in transport. Such changes, in turn, can be caused by

changes in surface wind speed, changes in wind direc-

tion, or changes in precipitation, which can impact

both washout rate of the dust during its transport
and soil moisture in the source region, changing the

source strength of dust.

3.3. Changes in Dust Source Strengths

Table 1 also summarizes the dust source strengths

for the different GCM experiments. For increased

SST gradients the source strength for eastern Asian

(China) sources is increased by a factor of 3 com-
pared to the control experiment, while the central

Asian source is increased by a factor of _ 2. This

corresponds well to the factor 2-3 increase in dust
concentrations over Greenland for this case. On the

other hand, a decrease in the SST gradient (case B)

does not lead to a significant decrease in dust source

strengths in Asia, as would have been expected if the
response of the dust to the SST gradient change had

been symmetrical.

For experiment C the eastern and central Asian

source strengths of dust do not increase with an addi-

tional decrease in global mean SSTs, in fact, they are

slightly lower than for experiment A. This indicates

that for an increased gradient the increase in dusti-

ness at Greenland is controlled by changes in the dust

source strength, assuming the transport path is the
same as in the control experiment. With additional

colder temperatures the additional increase in Green-

land dust must be caused by changes in transport or
dust deposition. For the opposite case, an increase in

global SSTs in addition to a decreased SST gradient

(case D) leads to an _ 30% decrease in central Asian
dust sources compared to case B (increased SST gra-

dient only), while the Chinese dust sources remain ef-

fectively unchanged. This decrease is small compared
to the standard deviation, however.

This change in dust source strength can be caused

by changes in surface wind speed, which influences
the dust deflation, or by changes in precipitation and

soil moisture, which determines whether a given grid-

box can act as a dust source (if the vegetation cover

allows for dust deflation). Plates la-i show differ-

ence maps for the dust source strengths, surface wind

speed, and precipitation for experiment A minus ex-

periment B (the difference between the experiments



with increasedanddecreasedSSTgradients),experi-
mentCminusexperimentA (theeffectofreducingthe
globalSSTsbut not changingthetemperaturegra-
dients),andexperimentD minusexperimentB (the
effectof increasingtheglobalSSTsbutnotchanging
thetemperaturegradients).Platela showsastrong
increasein thedustsourcestrengthswith thechange
inSSTgradientsat allsourcelocations.With acooler
climate(Platelb) thedifferencesin dustsourcesare
actuallynegativeat mostAsiansourceregions.Fora
warmerclimate(Platelc) theeasternsourceregions

(Platelh). Warmingtheclimate leads to an increase

in precipitation in the source area (Plate li), espe-

cially for eastern Asian sources. However, this pre-

cipitation change alone does not control soil moisture

in the source area, since the evaporation from the

soil is also changed with the changed global temper-

atures. The increase in global SSTs by 4°C (experi-

ment D) results actually in a decrease in soil moisture

in the source area by 20% due to increased evapora-

tion, while experiment C (decreased temperatures) re-

sults in slightly higher soil moistures by 5% compared

increase, while the central Asian sources decrease, to the control experiment. The change in latitudinal

Rind [1998] noted that the increase in latitudinal
temperature gradient leads to an increase in zonal

kinetic energy, which is consistent with an increase
in surface winds. Plates ld-lf show the difference

in zonal wind speeds for the same differences as for

Plates la-lc. The significant increase in westerly sur-
face winds in midlatitude Asia for the increased com-

pared to the decreased temperature gradient (Plate

ld) leads to increased dust deflation, since the dust

flux depends, to the third power, on the surface wind

speed. It should be noted that the monthly average

wind speed itself is a less significant indicator for dust

uplift than peak wind events in the source region due

to the nonlinear dependency of dust deflation on the

wind speed. Therefore areas of increased dust source

strength are not necessarily closely correlated with
areas of increase in mean wind speed.

For colder or warmer conditions without change in

the latitudinal temperature gradient (Plates le and

If), no significant change in surface wind speed occurs
in the dust source areas. This corresponds to the

result that the additional changes in source strengths

for the experiments with decreased or increased SST
in addition to increased or decreased latitudinal SST

gradient are small. The latitudinal wind does not

change significantly in any of the experiments with

changed SST boundary conditions compared to the

control experiment.

Plates lg-li show precipitation differences for the
same cases as Plates la-lc. Changes in precipitation

can potentially influence dust sources by changing soil
moisture, and on the other hand, they can change

transport efficiency by changing washout rates. First,

we evaluate changes in precipitation over Asia in re-

sponse to SST changes, to determine the possible im-

pact on dust source strengths. The change of the

latitudinal temperature gradient alone does not influ-

ence the precipitation in the Asian dust source area

(Plate lg), ttle same holds true for the colder climate

temperature gradient alone (experiments A and B)
does not influence the soil moisture in the Asian dust

source region. This soil moisture change could ex-

plain the slight decrease in dust flux in experiment

C compared to experiment A (see Table 1), and the

slight dust flux decrease in the eastern Asian sources

in experiment D compared to experiment C. The ef-

fect of a decreasing soil moisture in the warmer cli-
mate on dust source fluxes is small, however, since soil

moisture influences the dust flux only as a threshold

variable. We would expect changes in soil moisture

to influence vegetation cover, such changes were not
included in the model and cannot be discussed here.

3.4. Changes in Dust Transport

The dust transport itself is influenced by changes in

precipitation, since a decrease in precipitation would
lead to a decrease in dust washout, which would

allow the dust to be transported farther from the
Asian source area across the North American conti-

nent toward Greenland. Plates lg-li show that in the

Northern Hemisphere the precipitation changes re-

gionally with changes in latitudinal temperature gra-

dient (Plate lg), while the colder climate (Plate lh)

leads to lower precipitation and the warmer climate to

higher precipitation (Plate li) over the entire NH. For

changes in the latitudinal gradient only (Plate lg),

the average precipitation north of 30°N (where the

precipitation can affect the dust transport to Green-

land) slightly decreases in experiment A by 4% and

increases in experiment B by 7%, respectively. These

changes are small, compared to the changes in dust

source strengths, and have presumably little effect on
the dust concentrations at Greenland. The average of

the NH precipitation north of 30°N shows a decrease

for experiment C by 26% compared to the control ex-

periment and an increase by 37% for experiment D

compared to the control case. These changes in pre-

cipitation can explain the differences in the modeled



dustconcentrationsfoundin Greenlandfor theGCM
integrationswithchangedaverageSSTscomparedto
changedlatitudinaltemperaturegradients(Table1),
whiledifferencesin thedustsourcestrengthscannot
explainthisdifference(comparisonof experimentsA
andC).

Dusttransportmaybeaffectednotonlybychanges
in the removalratesbut alsoby changesin trans-
portpathways.Northwarddusttransportsforexper-
imentsA - D and control experiment 0 are shown in

Figure 4 for the zonal mean. To compare the differ-

ences in the transport without including the changes

ix: dust source strength and removal rates, the val-
ues for northward dust transport were divided by the

total dust content of the atmosphere for each exper-

iment. The northward transport of dust does not

considerably change for the different SST boundary
conditions. For experiment A (increased SST gra-

dient) the northward dust transport between _ 40 °
and 70°N increases compared to the control exper-

iment, for experiment C (additional cooling) there

is only a small increase in northward dust transport

compared to the control experiment. The changes
in Greenland dust Concentrations in the other experi-

ments can therefore be explained by changes in source

strengths due to changes in zonal wind speed and by

changes in washout rates due to changes in precipita-

tion strengths alone. For the increased temperature

gradient (without changes in the global mean SST) an
increase in northward transport also may be a factor

causing the increased dust in Greenland. However,
since for this case the factor of increase in Green-

land dust concentrations agrees well with the factor

of increase in dust source strength (see Table 1), we

conclude that the changes in dust transport pathways

are of comparatively minor importance.

3.5. Changes in Dust Deposition

The deposition of dust at Greenland is of interest,

since the dust signal in ice cores reflects changes in

the deposited dust on the ground rather than airborne
dust concentrations at the ice core site. However, as

mentioned above, the model underestimates the pre-

cipitation at Greenland and therefore overestimates

dust concentrations in precipitation and may underes-

timate dust deposition fluxes at this location. Table 2
shows total and wet dust deposition at the GISP site

for the GCM experiments together with the annual

precipitation and annual mean dust concentration in

precipitation (based on monthly averages). The wet

deposition at this site is only about 50% of the total

(wet plus dry) deposition for cases A and C, 60% for

the control experiment, and _ 70% for cases B and
D. This reflects the differences in precipitation in the

model, which is by a factor of 2 smaller for the colder

climate (experiment C), and by a factor of 2 higher

for the warmer climate (experiment D) compared to

the control experiment: for higher precipitation rates

the wet deposition dominates the dry deposition at
this remote location. Generally, dust deposition for

the different GCM experiments follows the trend for

dust concentrations, where the increase in SST gra-

dient (experiment A) leads to an increase by a factor

of _ 2-2.5 in the dust deposition (and concentration

in precipitation), while the deposition flux for exper-

iment C is not significantly higher than for case A.

On the other hand, the dust concentration in pre-

cipitation is 30% higher for case C, which is due to
the differences in the precipitation. The experiments

with the decreased SST gradient also show a similar

trend for deposition fluxes as the dust concentrations

at Greenland, with the total deposition fluxes being

about a factor of 2 smaller compared to the control
run. These results indicate that even with the differ-

ences in precipitation at the Greenland location, the

changes in deposition fluxes are similar to the changes
in dust concentrations at this location.

3.6. Spring Conditions

As mentioned above, the dust signal at Greenland

in the GCM shows a summer maximum, although the

Asian dust source has a spring maximum. This dis-

crepancy may be due to a high-latitude source that is

active in the NH summer. Even though Asian sources
north of 50°N contribute less than 107o and sources

north of 60°N contribute less than 1% to the total

Asian dust emission, such sources may disproportion-

ally influence dust concentrations in Greenland. No

measurements exist to prove or disprove the ex'istence

of a dust source at those high-latitude locations. Be-
cause of lack of measurements the existence of such a

dust source cannot be excluded.

To evaluate whether the results presented here

are still valid for the case that the model did incor-

rectly predict the existence of such a high-latitude

Asian source, we investigated the GCM results for

NH spring additionally to the annual averages. Dur-

ing NH spring the high-latitude Siberian source is not

active, while dust emissions in Asia are largest. Table
3 summarizes the results for the Asian dust sources

and Greenland dust concentration for NH spring. For

case A, the increase in springtime dust concentration



is evenhigherthanfor theannualmean,withan in-
creasebya factorof 4 for first layerdustconcentra-
tionsanda factorof 2.4increasefor verticallyaver-
ageddustconcentrations.This increaseagreeswith
the2.4-foldincreasein dustsourcestrengthsfor the
combinedAsiandustsourceregionsinNHspring.On
theotherhand,forthereducedSSTgradient(caseB)
thedustconcentrationsarereducedby30-40%com-
paredto thecontrolexperiment,correspondingto a
40%decreasein dust sourcestrengths.Compared
to thecaseof increasedSSTgradient,theadditional
coolingfor caseC leadsto significantlylowerdust
concentrationsat Greenland and dust source fluxes

in Asia. This can be explained by changes in soil

moisture: for NH spring, the soil water content in

the dust source area is 21% higher in the model than

in the control case, compared to the only 5% higher
soil moisture in the dust source area in the annual

mean for experiment C. This increase in soil moisture

(caused by decrease in evaporation for the colder case)
leads to a decrease in the available dust source area.

As for the annual mean, the NH spring dust concen-

tration at Greenland is lower for additional warming

(D) compared to the decreased SST gradient only.

This is due to the increase in washout during trans-

port from the Asian source areas by increased precip-
itation.

Overall, the response in Greenland dust concen-

tration in NH spring agrees with the response of the
annual mean dust concentrations. Therefore we con-

clude that the results presented here are valid regard-

less of the existence of a high-latitude dust source

which may impact dust concentrations at Greenland.

4. Conclusion

We estimated the effect of changes in the latitu-

dinal temperature gradient and changes of the aver-

age global SST on the dust transport from Asia to
Greenland. A significant 2-3-fold increase in dust
load at Greenland can be found for increased tem-

perature gradients. This can be explained by an in-
creased source strength of dust in Asia, caused by

an increase in surface wind speed and by increased

northward transport. Precipitation in the source area
and the area between the sources and Greenland did

not change considerably. An additional decrease in

global average SSTs does not additionally increase the
dust source strength in Asia, however because of de-

creased washout due to decreased precipitation, the
dust concentration at Greenland shows an additional

increase for this case. On the other hand, for de-

creased latitudinal gradients the dust source strengths

decrease, and an additional warming causes increased

dust washout due to increased precipitation, there-

fore decreased dust concentrations (and deposition)
at Greenland.

We can compare these results to observations of

dust in Greenland. The model experiments most

closely resemble the potential climate changes during

the Little Ice Age (LIA), when land ice changes were

not extensive. Isotopic observations imply colder con-
ditions in Greenland from about 1500 to 1900. The

dust record from the Dunde ice core in China (which

may be influenced by local sources) does not show an

obvious LIA response Mosley-Thompson et al. [1993].

On the other hand, Thompson et al. [1995a] find for

the dust record in the Guliya ice core that most of

the LIA period is characterized by elevated dust con-

centrations, which is also consistent with the histor-

ical dust fall records of Zhang [1984]. Also, O'Brien

et al. [1995] and Mayewski et al. [1993] show from ev-
idence in the GISP 2 core that dust concentrations

in Greenland were elevated during later parts of the

LIA. The model results would imply that there was

a change in the latitudinal temperature gradient at

the times of elevated dust. Isotopic evidence indi-

cates cooling in the tropics (at Quelccaya, Peru) dur-

ing the early part of the LIA, when dust levels were

probably not increased. This could indicate a colder

climate without any change in gradient, which accord-

ing to the model results actually causes in a slightly

decreased China source (Table 1).

Surface wind speeds increase because of the in-

creased latitudinal temperature gradient in other ma-

jor dust source regions, such as the Sahara, central

North America, and central Australia. This could

imply a similar relationship between dust deflation

and temperature gradient. In that case, these results

could be applied to the general increase in dust in
Antarctica at this time which does imply an increased

Southern Hemispheric latitudinal gradient as well as

potentially cooler conditions. However, further GCM

experiments are required before we are able to gener-

alize these results. Observations of both isotopes and

dust in ice core regions can be used to assess what the

local temperature changes imply about changes in the

latitudinal gradient and global mean temperatures.

The model results are less applicable for the Last

Glacial Mmximum (LGM), a time period with sub-
stantial increases of dust in Greenland. The increased

temperature gradient at that time would have con-



tributedtogreaterdustconcentrations,althoughgra-
dientchangesof thevaluesgivenherewerenotsuf-
ficientto producethe orderof magnitudeincrease
foundin theGISPicecore.Otherobviousdifferences
thatwerenottakenintoaccountin thesecalculations
could explain these differences: changes in surface

conditions (glacial outwash and vegetation decrease)

would be expected to fundamentally increase the dust

source strengths in Asia and subsequent transport to

Greenland. Furthermore, the existence of large land

ice sheets in the Northern Hemisphere could well have

altered circulation patterns. Only a specific simula-

tion with these boundary condition changes can act

to provide a full assessment of the magnitude of the

latitudinal gradient change applicable to the LGM.
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Figure 1. Seasonal mixing ratios (in/_g dust/kg air) of Asian dust aerosol for the control exper-

iment 0 for the first model layer.

Figure 2. Seasonality of dust at Greenland for the control experiment 0 for deposition (in mg

m -2 d-l), first layer concentration (in #g/m3), dust concentration in precipitation (in mg/kg

water), and precipitation (in mm d -1).

Figure 3. Annually and vertically averaged dust mixing ratios for experiments A-D and con-

trol experiment 0, together with dust concentrations for only decreased (C-A+0) or increased

(D-B+E) global SSTs (in pg dust/kg air).

Figure 4. Zonal mean northward dust transports for experiments A-D and control experiment

0, relative to the total dust content of the atmosphere.

Plate 1. Differences in dust sources (a,b,c), zonal wind speeds (d,e,f), and precipitation (g,h,i)

for changes in the latitudinal SST gradient (experiment A minus experiment B) (a,d,g), colder

conditions without changes in the temperature gradient ( experiment C minus experiment A)

(b,e,h), and warmer conditions without changes in the temperature gradient (experiment D mi-

nus experiment B) (c,f,i).

Figure 1. Seasonal mixing ratios (in #g dust/kg air)
of Asian dust aerosol for the control experiment 0 for

the first model layer.

Figure 2. Seasonality of dust at Greenland for the
control experiment 0 for deposition (in mg m -2 d-l),

first layer concentration (in pg/m3), dust concentration
in precipitation (in mg/kg water), and precipitation (in

mm d-l).

Figure 3. Annually and vertically averaged dust mix-

ing ratios for experiments A-D and control e.xperiment

0, together with dust concentrations for only decreased

(C-A+0) or increased (D-B+E) global SSTs (in pg

dust/kg air).

Figure 4. Zonal mean northward dust transports for

experiments A-D and control experiment 0, relative to
the total dust content of the atmosphere.

Plate 1. Differences in dust sources (a,b,c), zonal wind

speeds (d,e,f), and precipitation (g,h,i) for changes in

the latitudinal SST gradient (experiment A minus ex-

periment B) (a,d,g), colder conditions without changes

in the temperature gradient ( experiment C minus ex-

periment A) (b,e,h), and warmer conditions without

changes in the temperature gradient (experiment D mi-

nus experiment B) (c,f,i).
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Table 1. GCMResultsfor AnnualAverageDustSourcesandDustConcentrationsat Greenland

ChinaSource CentralAsiaSource Conc.(Layer1) Avg.MixingRatio
mg/m_/yr mg/m2/yr pg/m 3 #g/kg Air

C (A + colder) 16 4- 7 59 4- 25 0.79 4- 0.14 2.1 4- 0.3

A (increased gradient) 20 4- 8 74 4- 27 0.66 4- 0.17 1.7 4- 0.3
0 (control) 7 + 4 40 4- 16 0.24 4- 0.07 0.9 5=0.2

B (decreased gradient) 7 4- 3 36 4- 14 0.13 4- 0.03 0.7 4- 0.1

D (B + warmer) 8 4- 4 23 4- 11 0.09 4- 0.03 0.5 4- 0.1
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Table 2. GCMResultsfor AnnualAveragePrecipitationandDustDepositionat Greenland

Depos.Flux Depos.Flux(Wet) Precipitation Conc.(Precip.)
mg/m2/yr mg/m2/yr mm/yr pg/kg Water

C (A + colder) 52 4- 10 22 ± 5 36 ± 9 490 4- 110

A (increased gradient) 51 4- 12 23 + 7 57 4- 16 380 4- 90

0 (control) 22 4- 6 14 4- 4 83 4- 22 160 4- 58

B (decreased gradient) 12 4- 3 8 4- 3 98 4- 23 79 4- 22

D (B + warmer) 10 + 3 7 4- 3 150 4- 30 53 4- 18



Table 3. GCMResultsforDustSourcesandDustConcentrationsat Greenlandfor NH Spring

ChinaSource CentralAsiaSource Conc.(Layer1) AvgMixingRatio
mg/m2/yr mg/m2/Seas pg/m 3 pg/kg Air

15

C (A + colder) 5.3 4- 2.6 20 + 8 0.71 4- 0.11 1.6 4- 0.2

A (increased gradient) 13.4- 5. 31 4- 10 1.1 4- 0.24 2.2 4- 0.3

0 (control) 3.7 4- 2. 15 4- 6 0.27 4- 0.09 0.9 4- 0.2

B (decreased gradient) 3. + 1.8 8 4- 4 0.16 4- 0.04 0.6 4- 0.1

D (B + warmer) 1.8 4- 1 7 + 3 0.10 ± 0.03 0.5 4- 0.1
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Betreff: a letter from yarden oren
Datum: Tue, l I Jan 2000 08:37:40 IST

Von: "Osnat Birman" <obirman @hotmail.com>

An: knadrow @ bgc-jena.mpg.de

Dear Karin

First and eminently a very good and happy new year�decade�century�millennium

to you. What are you up to these days? Should we expect to see you back in

Israel? (your flags are still out in the field).

Well, back here things look pretty much the same way you left them, a short

and warm winter and it will be summer soon. I am still struggling in

writing my thesis and searching for a postdoc position, primarily in the US.

Moshe gave me your _diplomarbeit0 to read and indeed you succeeded in

turning you frustration in the field to a nice piece of work,

congratulations, really! However, I have a hard time using the computer

model itself. Probably I am the one to blame, yet I don0t find it self

explanatory enough to be used simply as is. Is there any manual which may

guide me in doing so?

Secondly, I am currently debating in what form to culminate my thesis. I

was thinking of using some simulation model, to predict scenarios under

different grazing regimes based on data from my small-scale experiment. I

was wondering whether the model you created is flexible enough to be

modified to do the task. I am interested in simulating patch dynamics in

our shrubland in a spatially realistic manner in which patches contract or

expand based on soil erosion and deposition. Productivity should be linked

to patchiness like in your model via rainfall-runoff relations.

Nevertheless, productivity feeds back on itself via bulk seed dispersal with

some neighbourhood rules. Any ideas? I appended the general way I view the

model (roughly).

If this option is not appropriate I will resort to some simple model I may

construct, though I haven0t figured out how yet. If you have good

suggestions, I will be glad to hear.

Simulation model of patchiness,

resource leakage and productivity

Aim: simulate dynamics of patchiness,

resource leakage and productivity on a slope in Sayeret Shaqed based on cell

data.

Questions

i. what are the dynamics under ungrazed, lightly and

heavily grazed regimes?

2. what are the dynamics when grazing is restricted

to upper or lower half of the slope?

Iteration process:

0. assign a random

landscape of shrub and crust patches; each patch is assigned a size and

productivity.

i. apply grazing to patches

2. set potential productivity per

patch based on former productivity and grazing

3. choose rainfall from

normal distribution

4. apply leakage of runoff and matter between patches

based on cell models;

5. reset productivity based on soil moisture

availability and potential productivity

6. reset patch size based on former

size and soil erosion/deposition

Output:

I. average size of patches

2.

annual water leakage

3. annual productivity

Hope to hear from you soon, Lehitraot

I yon 2 I 1.01.00 09:23
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Dust Flux (g/m2/d)

(a) Gradient Change (A-B)

(b) Colder Only (C-A)

(e) Warmer Only (D-B)

Zonal Surface Wind (m/s)

(d)

Precipitation (mm/d)

(g)

(e) (h)

(f) (i)
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